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[1] This study explores the long‐term frequency variability of high‐surge events (HSEs)
in the North Adriatic, the so‐called acqua alta, which, particularly during autumn, cause
flooding of the historical city center of Venice. The period 1948–2008, when hourly
observations of sea level are available, is considered. The frequency of HSEs is correlated
with the 11 year solar cycle, solar maxima being associated with a significant increase
in the October‐November‐December HSE frequency. The seasonal geopotential height
pattern at 1000 hPa (storm surge pattern; SSP) associated with the increased frequency of
HSEs is identified for the whole time period and found to be similar to the positive phase
of the main variability mode of the regional atmospheric circulation (empirical orthogonal
function 1; EOF1). However, further analysis indicates that solar activity modulates the
spatial patterns of the atmospheric circulation (EOF) and the favorable conditions for HSE
occurrence (SSP). Under solar maxima, the occurrence of HSEs is enhanced by the main
mode of regional atmospheric variability, namely, a large‐scale wave train pattern that is
symptomatic of storm track paths over northern Europe. Solar minima reveal a substantially
different and less robust SSP, consisting of a meridionally oriented dipole with a preferred
southward path of storm track activity, which is not associated with any dominant mode
of atmospheric variability during low‐solar periods. It is concluded that solar activity plays
an indirect role in the frequency of HSEs by modulating the spatial patterns of the main
modes of atmospheric regional variability, the favorable patterns for HSE occurrence,
and their mutual relationships, so that constructive interaction between them is enhanced
during solar maxima and inhibited in solar minima.
Citation: Barriopedro, D., R. García‐Herrera, P. Lionello, and C. Pino (2010), A discussion of the links between solar variability
and high‐storm‐surge events in Venice, J. Geophys. Res., 115, D13101, doi:10.1029/2009JD013114.
1. Introduction
[2] In recent years the Venice lagoon has received much
attention as a case of coastal vulnerability, mainly because
of relative sea level rise and increased frequency of flooding.
Instrumental records of local tide gauges provide a mean
relative sea level rise of 2.4 mm year−1 for the period 1872–
2005 [APAT, 2006]. This increase is higher than that esti-
mated from archeological evidence for 200–1400 AD
[1.3 mm yr−1; Ammerman and McClennen, 2000] and from
proxy‐based reconstructions over the last three centuries
[1.9 mm yr−1; Camuffo and Sturaro, 2003]. Several factors
contribute to such an increase: (1) mean sea level rise caused
by global warming (thermal expansion of oceans and increased
melting of glaciers and ice caps), (2) regional changes in
water temperature and salinity caused by modifications of
air‐sea fluxes and precipitation patterns, and (3) local land
subsidence due to geological processes and anthropogenic
activities, the most important one being the pumping of coastal
groundwater, which caused subsidence rates of ∼2.5 mm yr−1
between 1930 and 1970 [e.g., Camuffo, 1993; Pirazzoli and
Tomasin, 2002; Zanchettin et al., 2007].
[3] Within this context of mean sea level rise, the city of
Venice has experienced an increasing frequency of storm
surges during the second half of the 20th century [Pirazzoli,
1991; Camuffo, 1993]. The astronomical tide alone (between
25 and 80 cm) is unable to flood the city; rather, flooding
events in Venice are the result of severe meteorological
conditions, sometimes amplified by a high astronomical tide
level or free oscillations of the Adriatic Sea. The triggering
factor is the passage of deep low‐pressure systems that cause
sea level pressure (SLP) gradients and strong Sirocco
(southeasterly) winds along the Adriatic Sea, which deter-
mine the piling‐up of water at the northern end of the basin
[Pirazzoli and Tomasin, 1999; Trigo and Davies, 2002;
Lionello, 2005]. Because Sirocco winds, together with Bora
(northeasterly) winds, characterize the climatological regional
background from October to January, sea surges in the Venice
lagoon are typical during this time of the year.
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[4] Reconstructions back to the eighth century [Camuffo,
1993] indicate the existence of anomalous periods in the
frequency of sea surges (particularly recurrent in the first
halves of the 16th and 18th centuries) and a continuous
positive trend during the second half of the 20th century,
which has been an unprecedented period of frequent and
intense floods. Long‐term variability in the frequency of
floods has been attributed partially to interannual fluctuations
of some large‐scale climate patterns, which favor the occur-
rence of the meteorological conditions determining the storm
surge in the North Adriatic. In particular, the North Atlantic
Oscillation (NAO) has been reported to exert an influence on
the Adriatic Sea level through modulation of (1) atmospheric
pressure anomalies that induce the hydrostatic barometric
response of water masses and (2) hydrological budgets in the
Adriatic Sea and in bordering areas, mainly freshwater river
input from the Po River runoff [e.g., Tsimplis and Josey,
2001; Zanchettin et al., 2006]. However, whereas the NAO
index is negatively correlated with the frequency and mag-
nitude of winter sea surges, its influence during autumn, when
most of the city floods occur, is limited [Fagherazzi et al.,
2005]. Thus, further analyses of the long‐term variability of
sea surges and the relationship to climate variability are
required to understand changes in the frequency of surge
events.
[5] Solar activity, typically measured by the number of
sunspots, has also been proposed as a feasible candidate for
affecting flooding variability. Camuffo et al. [2000] and
Camuffo and Sturaro [2004] tested this linkage at centennial
time scales by analyzing a millennial reconstruction of floods
in Venice. They found a peak in flooding frequency during
the Spörer Minimum (1416–1534) of solar activity; in con-
trast, other periods of anomalous low solar activity, such as
the Oort Minimum (1010–1090), the Wolf Minimum (1282–
1342), and the Maunder Minimum (1645–1715), revealed
no similar increase. They concluded that a link between
flooding and sunspots was improbable or was masked by
other factors in this region.
[6] Variations in solar radiation, however, have a wide
range of temporal scales, the most important at interannual‐
interdecadal time scales being the 11 year solar cycle.
Several studies have noticed the similarity between the
11 year solar cycle and flood surge activity in Venice [Smith,
1986; Tomasin, 2002; Lionello, 2005], but have not
addressed this question in detail. Such a linkage is not totally
surprising, given that the 11 year solar cycle has significant
effects on several variables in the troposphere, including
surface temperatures, geopotential height, position of low‐
pressure‐system centers [Christoforou and Hameed, 1997;
van Loon and Shea, 1999;Gleisner and Thejll, 2003; Balling
and Roy, 2005; Gleisner et al., 2005], and the spatial patterns
of tropospheric circulation variability [Kodera, 2002; Huth
et al., 2006]. The increasing evidence of solar effects in
the troposphere suggests the existence of a physical mecha-
nism capable of amplifying the small changes in input energy
caused by the 11 year solar cycle. Recent investigations have
reported a detectable atmospheric response to the 11 year
solar cycle via radiative‐photochemical (UV‐ozone) pro-
cesses that induce temperature and zonal wind anomalies in
the tropical upper stratosphere [e.g., Shindell et al., 1999;
Lean and Rind, 2001]. While the existence of a solar signal
in the tropical stratosphere is well established, the under-
standing of solar effects in the extratropical troposphere
remains controversial. Some authors have provided dynam-
ical arguments in terms of a poleward propagation of the
tropical stratospheric zonal wind anomalies and a subsequent
downward propagation in extratropics [Kodera and Kuroda,
2002; Baldwin and Dunkerton, 2005; Matthes et al., 2006],
although there is no satisfactory theory explaining these
events yet. This mechanism is also known to communicate
the quasi‐biennial oscillation to the high‐latitude stratosphere
[e.g., Labitzke, 2005].
[7] Here the long‐term variability of high‐surge events
(HSEs) is analyzed, aiming at the identification of its
modulation by the 11 year solar cycle. More specifically,
the objectives of this study are (1) to explore the interannual‐
interdecadal variability of HSEs; (2) to identify the atmo-
spheric general circulation pattern responsible for the
occurrence of HSE at these time scales; and (3) to assess
their linkage with the 11 year solar cycle. The paper is
organized as follows: section 2 describes data sources and
the definition of HSEs. Section 3 explores the variability of
HSEs and the relationship to solar activity, focusing on the
solar modulation of atmospheric variability and the favor-
able conditions for HSE occurrence. Results are discussed
in section 4. Finally, the last section summarizes the main
conclusions.
2. Data
[8] The analysis carried out in this study uses hourly sea
level values, geopotential height fields, and estimates of
solar irradiance. Hourly values of sea level (cm) for the
1948–2008 period were provided by the Ufficio Idrografico
(Hydrographic Office) of Venice for the tide gauge of Punta
della Salute in Venice. This data set is used to identify single
independent storm surge events. The first step consists of
removing the astronomical tide effect and the mean sea level
to obtain a time series that includes only the effect of surges
and seiches. These are the normal modes of oscillation of
the basin, with periods of about 22 and 11 h that typically
disappear 3–4 days after the passage of a storm. To include in
the statistics only independent events, a minimum 72 h sep-
aration is required among peak sea level values, since floods
can also be caused by seiches triggered by a previous surge
[Robinson et al., 1973]. Thus, in the hourly time series, iso-
lated peaks and the successive seiches are attributed to a
single storm surge event. The strength and time of occurrence
of each event are given by the magnitude and time of maxi-
mum sea level, respectively. This work considers only HSE,
defined as those events in which maximum sea level exceeds
the 95th percentile (69 cm) of the total distribution.
[9] Daily and monthly fields of geopotential height at
1000 hPa (Z1000) and 2.5° × 2.5° grid resolution were
extracted from the National Centers for Environmental Pre-
diction (NCEP)/ National Center for Atmospheric Research
reanalysis [Kalnay et al., 1996] for the period 1948–2008 and
the region (20, 85)°N and −60°W, 60°E.
[10] Annual data on the full solar disc 10.7 cm radio flux
(in solar flux units; 1 sfu = 10−22 W m−2 Hz−1) were obtained
from the National Geophysical Data Center of the National
Oceanic and Atmospheric Administration (NOAA). Solar
radio flux emissions at 2800 MHz frequency (or 10.7 cm
wavelength) integrated for the solar disc are usually employed
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to monitor solar radiant energy, as they belong to the spectral
range that correlates better with the total solar irradiance and
with the sunspot number [e.g., Tapping and Charrois,
1994].
[11] Since the period of study includes 61 years, this
means almost six and a half solar cycles, with six periods of
high and six periods of low solar activity, respectively. The
two groups of years above and below the median of solar
activity contain a set of 30 years each, designated high solar
(HS) and low solar (LS), respectively. As this stratification
does not allow for neutral years, HS (LS) years are also
referred to as solar maxima (minima).
[12] The methodological approach is based on principal
component analysis (PCA) and associated empirical orthog-
onal functions (EOFs). Spearman’s rank correlations, denoted
r (p is the significance level), and composite differences have
also been employed, the statistical significance being tested
with a Spearman’s rho correlation test and a two‐tailed t‐test,
respectively.
3. Results
3.1. Long‐Term Variability of High‐Surge Event
(HSE) Frequency
[13] The monthly mean frequency of HSE for the 1948–
2008 period is shown in the lower plot in Figure 1. The
climatological maximum occurs between October and
December (∼75% of all cases). The annual time series with
the total frequency of HSEs during October‐November‐
December (OND) (bars in the upper plot in Figure 1) does
not show a significant trend, since the effect of sea level rise
and ground subsidence has been removed by subtracting
the mean sea level. However, there is large interdecadal
variability in the occurrence of HSEs, which seems to be
in good correspondence with the 11 year solar cycle (solid
line; Figure 1). In fact, the time series of solar activity and
OND HSEs show significant correlations (r = 0.30, p < 0.05)
for the 1948–2008 period. A wavelet analysis applied to the
OND HSE series (Figure 2) reveals that the variability of
surge event activity is mainly dominated by significant per-
iodicities near the 11 year bands, which reach statistical
significance for the period between the 1960s and 1990s,
but it is associated with an enhancement of power spectrum
variance throughout most of the record. These results are
suggestive of an 11 year solar signal.
[14] The possible influence of solar activity is further
explored in Figure 3, which shows the annual cycle of HSE
frequency for HS and LS years and for the whole time
Figure 1. Long‐term time series and mean annual cycle of
high‐surge events (HSEs) in Venice. (top) Standardized
time series of annual 10.7 cm radio flux (solid line) and
October‐November‐December (OND) HSEs in Venice
(bars) defined as surge events above 69 cm (95th percentile)
separated by at least 72 h. The dashed line indicates the
median of the annual solar series separating high solar
(HS) and low solar (LS) years. (bottom) The 1948–2008
climatological annual cycle of the frequency of HSEs.
Figure 2. Dominant periodicities in the seasonal time
series of HSEs. Wavelet spectrum of the Morlet type for
the frequency series of OND HSEs. Shaded areas indicate
the power/variance ratio. Cross‐hatched areas denote the
cone of influence. Solid lines reflect significant oscillation
bands at the p < 0.1 level.
Figure 3. Solar signal in the annual cycle of HSE occur-
rence. Shaded contours indicate the 0.5s level of the
monthly mean (solid line). Filled and open circles represent
the composite for HS and LS years, respectively. The size of
the arrows is proportional to the difference between HS and
LS frequency in HSEs. Light arrow and dark‐shaded arrows
indicate significant differences at the p < 0.1 and p < 0.01
level, respectively. White arrows represent no significant
differences.
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period. To avoid sampling problems, HSE frequencies are
computed for each month by using 3 month centered running
windows. HS activity is significantly associated with higher
frequencies of HSE between October and December. As a
consequence, subsequent analyses focus on the frequency of
HSEs during the OND season (hereafter, autumn), and hence,
from now on the termHSE refers exclusively to the frequency
of OND HSEs. It should be stressed here that the link to solar
activity is restricted to HSEs, not to all surge events. Further
analysis (not shown) has revealed that the signal is still
appreciable when HSEs are defined from the 90th percentile
rather than the 95th percentile, but it weakens for lower
thresholds.
3.2. Seasonal Patterns Associated with HSE Frequency
Variability
[15] As explained before, sea surge events in Venice are
triggered by the passage of deep cyclones, which are related
to the intensity and position of the storm track over western
Europe and, hence, to the sea level pressure pattern. There-
fore, it could be asked whether autumns with enhanced or
reduced HSE activity are associated with specific anomalous
circulation patterns. To address this question, the difference
between two Z1000 composites, one for years with at least
one HSE in the OND period and the other for those years
without any HSE, has been computed (Figure 4a). These
seasonal composites are representative of active and quiet
years, respectively, as far as seasonal HSE activity is con-
cerned. The threshold of one surge event was chosen to
provide a balanced sample size between the two composites.
[16] The associated pattern presents a center of action
located above western Europe and suggests the penetration
of cyclones into the Mediterranean region during periods
with frequent HSEs. These results are in agreement with
previous studies [Lionello, 2005] and with a complementary
analysis performed in the 2–6 day band‐pass‐filtered Z1000
variance (not shown), which reveals an enhancement of storm
track activity over that region. From now on the pattern in
Figure 4a is referred to as the storm surge event pattern (SSP),
bearing in mind that it is associated with a seasonal mean
configuration that enhances the occurrence of HSE in Venice.
The time series of the score obtained by projecting OND
Z1000 anomalies (computed relative to the mean field of the
1948–2008 period) onto the normalized SSP in Figure 4a
shows a significant correlation (r = 0.35, p < 0.01) with the
time series of OND HSEs.
[17] Note that SSP does not resemble the traditional
meridional NAO dipole but, rather, a wave train pattern.
These results are in agreement with Fagherazzi et al. [2005]
and Lionello [2005], who found no important link between
the classical NAO and HSEs in Venice during autumn. The
immediate question that follows is whether SSP has a cor-
respondence with any other mode of atmospheric variability.
To address this question, an EOF analysis has been applied
to the covariance matrix of the seasonal OND anomalies
weighted by the square of the cosine of latitude. A measure
of the similarity between spatial patterns is given by the
normalized projection index (PI) of the EOF pattern onto
the SSP:
PI ¼ hZEOF; ZSSPihZSSP; ZSSPi ; ð1Þ
where the angle brackets indicate the normalized projec-
tion, and Z represents the Z1000 loading matrix for either
the EOF pattern or the SSP.
[18] Among the first five EOFs (>85% of the total vari-
ance), only the first one (Figure 4b; 29.7% of the explained
variance) projects remarkably onto the SSP (PI = 0.67). The
correlation coefficient between the principal component
(PC) of the first EOF (PC1) and the time series of SPP is
0.86 (p < 0.01), suggesting that they reflect similar regional
patterns. Note that the first EOF does not correspond to the
classical NAO pattern either, but it shares more common
features with the Scandinavian pattern or the Eurasia‐1
pattern, as defined by Barnston and Livezey [1987].
[19] To maximize the sample size of HSE and, hence, the
robustness of the composite analysis, seasonal patterns are
employed herein, with the awareness of filtering out specific
monthly features. The main results of this study, however,
do not depend crucially on this choice (see section 4).
Figure 4. Seasonal patterns associated with HSEs and the
dominant mode of atmospheric circulation. (a) Three‐month
averaged OND Z1000 pattern associated with HSEs, in geo-
potential meters (gpm). Lines indicate the composite differ-
ence between years with at least one event and years without
any event in OND. Solid (dashed) lines indicate positive
(negative) differences. Bold lines denote differences signif-
icant at p < 0.05. Shaded areas represent the climatological
OND Z1000 field with CI 25 gpm starting at 0 gpm (dark).
(b) First EOF of the OND Z1000 anomaly time series for
1948–2008. Solid (dashed) lines indicate positive (negative)
normalized loadings.
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3.3. Solar Modulation of the Seasonal Modes
of Atmospheric Circulation
[20] Recent investigations have reported detectable solar
effects in the spatial patterns of specific weather regimes
[e.g., Barriopedro et al., 2008] and of some modes of tro-
pospheric variability [e.g., Kodera, 2002; Huth et al., 2006].
Therefore, a possible explanation for the observed solar
signal in the frequency of HSEs could be provided in terms of
a solar modulation of the dominant mode of atmospheric
variability. Such an influence may occur through (1) the
amplitude of the EOF1, so that positive phases of the PC1
would be especially recurrent in HS periods, or (2) the spatial
pattern of the EOF1, so that the SSP would not find a
favorable mode in solar minima. Note that hypothesis
1 adopts a global EOF1 that is independent of solar activity
(i.e., the EOF1 pattern is the same regardless of solar
activity). Conversely, hypothesis 2 requires a solar modu-
lation of atmospheric circulation (i.e., the EOF1 changes
its spatial pattern under solar activity).
[21] To explore hypothesis 1, a cumulative frequency his-
togram with the positive phases of the PC1 has been plotted
for HS and LS years (Figure 5a). The distribution is asym-
metric, low (high) PC1 values being more frequent during LS
(HS) years. Since the SSP is rather similar to the positive
phase of the EOF1, the favorable conditions for HSE occur-
rence are expected to be more frequent in HS years. Con-
versely, the shape of the seasonal PC1 distribution during
LS years, in which almost no cases have PC1 above ∼1,
suggests that seasonal anomalies in LS years do not sig-
nificantly project onto the EOF1, and hence, this pattern
may not represent a recurrent mode of variability in solar
minima.
[22] According to hypothesis 1 the higher frequency of
HSE in solar maxima is due to a higher frequency of the
positive values of PC1, and hence, the statistical linkage
between HSE and PC1 would be independent of the solar
activity (i.e., positive phases of EOF1 would enhance the
occurrence of HSEs equally in both solar phases). Figure 5b
shows the simultaneous role of solar activity and PC1
(independent variables) in HSE (dependent variable), in a
plot of the frequency of HSEs for each year in the 1948–
2008 period against its PC1 score and its level of solar
activity. The maximum frequency of HSE occurs under the
simultaneous conditions of HS activity and positive phases
of the PC1. However, there does not seem to be any
dependence between PC1 and HSEs in LS years. In fact, the
correlations between them reveal a significant relationship
for HS years (r = 0.34, p < 0.05) that weakens during LS years
(r = 0.20; p < 0.1, not significant). Thus, the unbalanced
frequency of HSEs during opposite solar phases is not due
solely to the different recurrence of positive PC1 scores;
rather, the HSE‐PC1 relationship seems to be a function of
the solar activity too. These results suggest a solar modu-
lation beyond the amplitude of EOF1.
[23] To explore hypothesis 2, the PCA has been applied
separately to HS and LS years, producing a set of LS‐EOFs
and HS‐EOFs. Note that this solar‐stratified analysis allows
exploration of changes in the recurrence of the EOFs (via
their explained variance) and also changes in the spatial
configuration of the EOF patterns related to solar activity. The
HS‐EOF1 mode (36.1% of explained variance; Figure 6a)
resembles the counterpart EOF obtained for all years
(Figure 4b) and the SSP. However, the LS‐EOF1 (Figure 6b)
is not similar to the SSP. Instead, the LS EOF2 (explained
variance, 21.6%) pattern best resembles the SSP in solar
minima (not shown). These results are in agreement with the
lower frequency of SSP‐like patterns obtained from the
global EOF1 during LS years (Figure 5a).
[24] In addition to the solar unbalance of variances
explained by SSP‐related EOFs, the PI of the solar‐based
EOFs onto the SSP reveals values of 0.67 for HS‐EOF1
but only 0.47 for LS‐EOF2. This is because the charac-
teristic EOF pattern during LS years is shifted to the
northeast compared to the SSP, and the negative loading
Figure 5. Solar modulation of the linkage between the
dominant mode of atmospheric circulation and the fre-
quency of HSEs. (a) Cumulative histogram (i.e., number
of years equal to or greater than a given bin) for the positive
phases of EOF1 (see Figure 4b) during HS (dotted line) and
LS (dashed line) years. (b) Contour plot of the frequency
OND HSE versus OND PC1 and annual solar flux. The
solar radio flux is standardized. A distance‐weighted mini-
mum‐curvature spline surface is fitted to the data points.
Only PC1 scores with at least one HSE for both HS and LS
phases are shown.
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center is located farther north, between the British Islands
and the Scandinavian Peninsula (not shown). As a conse-
quence of this weaker SSP‐EOF resemblance in solar
minima, a larger fraction of SSP variance is explained by
HS‐PC1 (r2 = 77.4%) than by LS‐PC2 (r2 = 39.7%). Fur-
thermore, correlations between the PCs of the SSP‐related
EOFs and the frequency of HSEs are significant during HS
activity (r = 0.35, p < 0.05), but they vanish in LS
years (r = 0.18, p = not significant), for which the likeli-
hood ofHSE occurrence is onlymarginally enhanced, and not
tightly tied to any mode. Thus, during LS years the SSP does
not find a supportingmode capable of significantly enhancing
the occurrence of HSE. These results suggest a solar modu-
lation in the spatial patterns of atmospheric variability, with
HS‐EOF1 revealing a stronger resemblance to the global
SSP and a higher recurrence (or explained variance) than its
LS‐EOF counterparts.
3.4. Solar Modulation of the Storm Surge Pattern
[25] The previous analysis is based on a SSP that remains
invariable in both HS and LS years. The presence of sig-
nificant differences in Figure 4a seems to support that the
SSP can be regarded as a common favorable regime for HSE
occurrence, regardless of solar activity. Nevertheless, the
solar modulation of the EOFs described in the previous
section suggests that the atmospheric circulation changes
with solar activity. Therefore, a similar solar effect could
also be expected in the SSP (i.e., there is an additional solar
modulation of the large‐scale patterns that favor HSEs).
This analysis is required to provide a full explanation of the
weak linkage between HSEs and the global EOF1 during
LS years (Figure 5b).
[26] SSPs under HS and LS activity are shown in Figure 7.
The HS‐SSP reflects a wave train anomaly structure close to
the SSP obtained for the whole record (Figure 4a), except for
a small northward shift of the negative center, which is now
centered in the British Isles. The LS‐SSP is different, how-
ever. The negative lobe of anomalies appears farther south,
and the positive center over the Scandinavian Peninsula
(Azores) intensifies (disappears) in comparison with the
SSP. As expected, the mean patterns of HS‐ and LS‐SSP
(Figure 7c, shading) closely resemble the SSP. Conversely,
the HS‐SSP minus LS‐SSP difference (Figure 7c, lines) pro-
vides a measure of the solar‐related asymmetry and reveals
deeper low pressures over northern Europe during HS. If
Z1000 anomalies are projected onto the solar‐based SSPs
in Figure 7 for HS and LS years separately, the temporal
scores so reconstructed show better correlations with the time
series of HSEs (rHS = 0.49, p < 0.01; rLS = 0.40, p < 0.1)
than do the global SSP (rHS = 0.47, p < 0.01; rLS = 0.27,
p = not significant) for both HS and LS periods. The
increase in correlations is especially remarkable during LS
years, suggesting that the global SSP signature mostly arises
from HS activity periods. In contrast, HS years exhibit a
robust surge pattern, as revealed by the wide region with
significant differences in Figure 7a, but there are not very
clear or well‐established conditions conductive to HSE dur-
ing LS years. Therefore, SSP‐related modes (i.e., EOF1 for
all years or, alternatively, EOF2 for LS years) do not sig-
nificantly enhance the likelihood of HSE occurrence in LS
years.
[27] Despite differences found between solar‐based SSPs,
the main conclusions drawn in the previous section regarding
the disagreement between LS‐EOF and favorable conditions
for HSE occurrence still apply, and they do not depend on the
possible tendency for the global SSP to show specific fea-
tures of HS years. Thus, the HS‐SSP is still strongly
associated with HS‐EOF1 (PI = 0.69, r2 = 80.1%). The
LS‐SSP now fits the LS‐EOF2 more poorly and vaguely
resembles the LS‐EOF1 (Figure 6b), although the dipole is
conceptually different and hence, the relationship is far
from being significant (not shown). Therefore, the LS‐SSP
continues to show a pattern that is not supported by any
EOF mode.
3.5. Solar Modulation of the Synoptic Patterns
Leading to HSEs
[28] To support the hypothesis that the large‐scale patterns
in Figure 7 in fact reflect synoptic situations, daily composites
of Z1000 anomalies relative to the peak of HSEs were per-
formed for HS and LS years. Since the persistence of the
synoptic conditions associated with sea surges typically
exceeds 5 days [Trigo and Davies, 2002], the composites
were performed with time lags of up to 5 days preceding
the maximum sea level of the HSE.
[29] The peak (lag 0) of the HSE corresponds well with a
low‐pressure system located in the Gulf of Genoa (not
shown), as already pointed out in various studies [e.g., Trigo
and Davies, 2002; Lionello, 2005]. HS and LS patterns do
Figure 6. Solar modulation of the dominant pattern of
atmospheric circulation. First empirical orthogonal functions
(EOF1s) of the OND Z1000 anomaly time series for (a) HS
years and (b) LS years. Solid (dashed) lines indicate positive
(negative) normalized loadings.
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not reveal remarkable differences at that time, which sug-
gests that the synoptic patterns are statistically indiscernible
immediately before the peak of the HSEs, although there is a
tendency for the low pressure to be deeper in HS years (not
shown). The differences between HS and LS composites
become stronger as the time lag increases, revealing dis-
tinctive background conditions for the occurrence of HSE
depending on solar activity. Figure 8 shows the synoptic
patterns of HS and LS events (shading) and their differences
from the total composite of all HSEs (lines) for the 5 day
lag. Within that period, the location of the maximum neg-
ative departure moved far from the Gulf of Genoa, revealing
a NW‐SE axis in HS years and a more zonal and southward
storm path in LS years. For HS and LS phases the low‐
pressure system also weakens compared to that at the time
Figure 7. Solar modulation of the seasonal patterns associ-
ated with HSEs. As in Figure 4a, but for (a) HS years
and (b) LS years. Shaded areas (solid lines) represent the
total surge event pattern in Figure 4a (the corresponding
pattern of HS and LS years). Bold lines denote differences
significant at p < 0.05. Solid (dashed) lines indicate pos-
itive (negative) differences. (c) The mean (shading) and
difference (lines) of HS (7a) and LS (7b) patterns.
Figure 8. Solar modulation of the synoptic pattern leading
to HSEs. Composite of daily Z1000 anomaly fields (shaded
areas) for the 5 day lag previous to the peak of HSEs in
(a) HS years and (b) LS years. Lines indicate the difference
of the given composite from the composite obtained for all
years. Solid (dashed) lines indicate positive (negative) differ-
ences with a CI of (a) 5 gpm and (b) 10 gpm. Anomalies were
computed as departures relative to the daily mean for the
1948–2008 period.
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of the peak but this happens at a faster rate during LS years.
Note that HS and LS synoptic patterns resemble their sea-
sonal counterparts in Figure 7. Furthermore, the differences
between the specific solar composite and the one computed
for all cases arise in the form of the climatological asym-
metry obtained in Figure 7c, supporting a fair correspon-
dence between seasonal and synoptic patterns.
[30] Lionello [2005] found that a distinction of the synoptic
patterns responsible for surge events (a 70 cm threshold was
adopted) can be established in terms of the location of the
storm with respect to the Alps. For cyclones following a
northward path over central and northern Europe, the asso-
ciated surge level was higher than for cyclones taking a
southward path, probably owing to a positive interaction with
the orographic forcing of the Alps, which tends to favor the
development of a secondary minimum in the lee of the Alps,
typically observed in HSEs [e.g., Trigo et al., 1999]. Trigo
and Davies [2002] also stated that a northward European
cyclone track induces the favorable wind channeling along
the Adriatic that precedes Venice flooding. These results
provide a conceptual, although somewhat hypothetical,
framework into which the effect of the solar cycle on the
floods of Venice can be placed at synoptic time scales.
According to this, a pattern such as that observed in LS years,
when storm tracks reveal a preferred southward path, would
be less prone to yield high sea levels and hence to a high
frequency of HSEs.
4. Discussion
[31] The differences between HS and LS activity in terms
of the dominant modes of variability, nonlinearity between
the patterns favorable for HSE occurrence, and their mutual
relationships suggest a detectable but indirect role of solar
activity in the decadal modulation of HSE frequency. The
statistical linkages identified in this study are robust; they
could be obtained without crucially different results if other
criteria were adopted. The analysis described in sections 3.2
and 3.3 has been repeated on a bimonthly basis (i.e., con-
sidering the October–November and November–December
time periods) to cope partially with the relative high intra-
seasonal variability of the analyzed region. Results (not
shown) are similar to those obtained for the whole season:
The SSP and EOF patterns are similar to those shown in
Figure 4; the PC1 distribution is similar to that shown in
Figure 5; and the SSP‐related EOF corresponds to the first
mode in HS years and to secondary, less recurrent modes
during LS years, as discussed in section 3.3. The analysis
has also been repeated with a classification based on the
upper and lower terciles of solar activity, leading to 20 years
of high, neutral, and low solar activity phases. Results
revealed little changes, with a tendency for the linkages to
become more significant when the tercile solar definition was
employed. In addition, years in which the tercile stratification
indicated a neutral phase showed an intermediate behavior
between opposite solar activity phases.
[32] From the point of view of a solar modulation of the
dominant modes of variability, atmospheric variability
(EOF1) was found to be organized in a different way in HS
and LS years, a propagating wave train dominating in the
former and a meridional dipole emerging in the latter. The
patterns that trigger HSE under HS and LS seem to respond
accordingly, being somewhat accommodating, although to
different degrees, to their respective main modes of atmo-
spheric variability. Consequently, the HS‐SSP, the storm surge
pattern under HS periods, shows a preference for a penetra-
tion axis through northern Europe, resembling HS‐EOF1,
whereas the LS‐SSP reveals an enhancement of a southward
path of low‐pressure systems, which is neither as robust as
nor supported by any mode with an appreciable fraction of
explained variance.
[33] The major mode of atmospheric variability enhances
HSE occurrence during HS years, via an SSP‐EOF link that
is destroyed in solar minima. This conclusion does not
depend on assuming common or different SSPs and global
or solar‐separated EOFs. However, the arguments presented
in sections 3.3 and 3.4 suggest that atmospheric circulation
depends on solar activity. In other words, the higher fre-
quency of HSEs during HS years cannot be explained as
simply a solar effect in the recurrence of a solar‐invariant
spatial pattern (EOF1 and the SSP, described in section 3.2)
that is favorable for HSE occurrence. Rather, the spatial
characteristics of the atmospheric variability (EOF) and the
specific conditions for HSE occurrence (SSP) seem to
depend on solar activity, and only in HS periods is there a
strong similarity between HS‐EOF1 and HS‐SSP.
[34] The results presented herein provide statistical evi-
dence of a solar influence in the frequency of HSEs based
on a consistency between the patterns that trigger HSEs and
the atmospheric circulation regimes (EOFs) associated with
them. Although the physical mechanisms behind these lin-
kages are unknown, the existence of a solar effect in tropo-
spheric weather regimes is supported by previous studies. In
terms of storminess, the EOF1 patterns reflect a preferred
northward path of storm track activity over northern Europe
in HS years that shifts southward toward the Iberian Peninsula
during LS years. This is in agreement with the solar asym-
metry found in the patterns favorable for HSE occurrence. A
similar northward displacement of the storm track at solar
maximum has also been suggested for the winter season
[e.g., Gleisner and Thejll, 2003]. In contrast, the differences
observed between EOF1 in HS and EOF1 in LS years are
in agreement with the results of Kodera [2003]. Kodera
reported that during LS winters, the NAO pattern already
arises in late autumn as the classical seesaw pressure pattern
confined to the Atlantic, whereas in HS winters the NAO
originates from the Eurasian sector in late autumn, to form a
more hemispherical NAO pattern at the beginning of the
winter. Kodera and Kuroda [2005] suggested that the origin
of the solar activity influence in the spatial structure of the
NAO lies in the stratosphere. According to them, strato-
spheric signatures extend downward to the troposphere in
HS years through interaction with planetary waves, whereas
during LS phases, when wave activity is relatively unper-
turbed, the downward propagation is weak and regional‐scale
features dominate in the troposphere. Similar dynamical
processes may be involved in changes in the spatial patterns
reported herein, provided that solar signals in the extratropics
may be detected as early as in October [e.g., Baldwin and
Dunkerton, 2005].
[35] It should also be stressed that solar effects similar to
those reported here for the frequency of HSEs have not
reliably been identified in previous studies, which were
focused on past multidecadal periods of anomalous solar
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activity (e.g., the Maunder minimum [Camuffo et al., 2000;
Camuffo and Sturaro, 2004]. The relatively short period of
analysis considered in this study does not allow for
excluding the possibility that the statistical linkage reported
here arises from a random sequence during three solar
cycles from the 1970s to 1990s. Alternatively, the relation-
ship could not be stationary, as suggested by the wavelet
spectrum in Figure 2, nor could it be masked by other factors
at time scales longer than the 11 year solar cycle, as
hypothesized by Camuffo et al. [2000].
[36] On the contrary, the presence of an 11 year modu-
lation found in this study and the absence of an effect caused
by decadal periods of low solar activity in the past are puz-
zling, but not necessarily logically inconsistent. The 11 year
modulation introduces a small, but detectable, perturbation
of the present climate regime, whereas persistent periods of
anomalous solar activity such as observed in the past (with
eventually different spectral characteristics with respect to
the 11 year cycle) might have introduced a much larger shift
of the circulation, thus setting a different climate regime.
The effects of such a relatively large shift on a local process
(the storm surge in Venice) would be quite different from
those of a small perturbation of the present circulation.
Uncertainties in the past records of sunspots, due to sub-
jective estimates and the lack of a quantitative physical
dependence on solar irradiance [Vaquero, 2007], could also
be a factor obscuring the linkage between solar activity and
surge events in the past.
[37] Finally, the discrepancy with previous studies at
centennial time scales could also arise from the definition of
surge events. As stated in section 2, surge events are defined
here as those episodes whose strength exceeds the 95th
percentile of the event distribution. Thus, only HSEs are
taken into account. For weaker surge events (below the 90th
percentile) the signal decreases and, eventually, becomes
nonsignificant. If the link with solar flux is restricted to
HSEs, rather than to all surge events in general, it is not
surprising that previous studies did not find significant
relationships when all surge events were considered. Note
that the confinement of the solar signal to HSEs points to
an unknown, strongly nonlinear, physical mechanism, the
identification of which is clearly essential for the validity of
the statistical analysis carried out in this study, and which is
triggered only when events cross a minimum threshold.
Further analyses are required to explain these uncertainties
and to provide a more definitive dynamical explanation of
the role of solar activity in HSEs.
5. Conclusions
[38] In this study the long‐term variability of autumn
HSEs in Venice is addressed for the period 1948–2008. A
significant decadal variability is found, in good correspon-
dence with the 11 year solar cycle, with HS years revealing
significant increases in the frequency of OND HSEs.
[39] Solar activity is suggested to exert an indirect influ-
ence on the likelihood of HSE occurrence by modulating the
dominant modes of variability, the patterns responsible for
HSEs, and their mutual relationships, so that a constructive
interaction between them is attained only during solar max-
ima. From a large‐scale perspective, solar activity modulates
the spatial patterns of atmospheric variability, such that a
propagating wave train dominates in HS years and a more
meridional dipole, characteristic of a southward shift of storm
tracks, increases in LS periods. Within this general back-
ground, the patterns that enhance high surge activity under
HS and LS years change according to their respective main
modes of atmospheric variability but to different extents.
Thus, whereas the HS‐SSP is robust and significantly favored
by the first mode of regional variability during HS years, the
corresponding LS‐SSP in LS years is less clear and is not
associated with any complementary mode of atmospheric
variability. As a consequence, the large‐scale regime con-
ducive to a high frequency of HSEs is statistically more fre-
quent in HS years than in LS years, during which no single
mode is able to fully meet the favorable conditions triggering
HSEs. These results suggest that (1) specific atmospheric
regimes, other than those raised by the general modes of
variability, are required to establish the proper background
for HSE occurrence during solar minima; (2) no robust
patterns or univocal signatures enhance HSE occurrence in
solar minima.
[40] The distinctive solar‐related large‐scale patterns are
mirrored in the settlement of synoptic conditions preceding
the peak of HSEs. Thus, under HS conditions, HSEs are
triggered by deeper low‐pressure systems with storm track
enhancement over northern Europe and a NW‐SE penetration
axis into the Mediterranean. Under LS conditions, HSEs are
preceded by weaker and southward‐shifted low‐pressure
anomalies and a preference for a more zonal path throughout
the Iberian Peninsula, which is not strongly involved in HSEs.
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